Abstract We summarize over 20 years of monitoring surface creep on faults of
Introduction
Having monitored surface creep on strike-slip faults of the greater San Francisco Bay region for more than 20 years, we summarize here our most significant findings regarding temporal and spatial variations in creep rate. We also discuss their possible implications toward a better understanding of the earthquake process and the earthquake hazard posed by these faults. The initial motivation for this project came from a perception that the occurrence of rapid fault creep, relative to earlier in the earthquake cycle, might be immediately precursory to large earthquakes (Allen and Smith, 1966; Brown et al., 1967; Bakun and Lindh, 1985) . Although some hope remains that creep-rate anomalies may have predictive value (e.g., Thurber and Sessions, 1998; Bernard, 2001) , we now also recognize that long-term creep records may yield more immediate practical benefits by improving our understanding of how spatial and temporal variations in creep rate affect the timing and extent of future earthquake sources and thus can be used to forecast them. We have learned that spatial variation (e.g., variation along strike) in surface creep rate can be used to infer the depth of creeping behavior and thus the extent of locked zones with potential for release in large earthquakes (Savage and Lisowski, 1993; Simpson et al., 2001) . Temporal variation in creep may result from stress changes induced by moderate and large earthquakes in the region, which may either advance or retard future large earthquakes. (Mavko, 1982; Galehouse, 1997; Toda and Stein, 2002) .
Fault creep or aseismic slip was first documented on the central San Andreas fault system in 1956 (Steinbrugge and Zacher, 1960) . Brown and Wallace (1968) showed, using offset cultural features, that creep had been occurring south of the San Francisco Bay region along the central San Andreas fault (between 36Њ and 37Њ N latitude) for at least several decades. Subsequent monitoring along the central San Andreas fault, using alinement arrays, trilateration networks, and creepmeters (Burford and Harsh, 1980; Lisowski and Prescott, 1981; Schulz, 1989) , showed a pattern of steady creep with rates approximately constant over decades for particular locations along the fault, consistent with those multidecadal rates determined by Brown and Wallace (1968) . Alinement arrays tend to give the most spatially complete and accurate measurements of creep across a fault zone, because they can span the entire zone of creeping traces, which is usually narrower than 100 m (the median array length in this study is about 130 m) (Galehouse, 2002) . In contrast, narrow-aperture creepmeters (a few tens of meters), although providing precise timing of creep, often con-siderably underestimate the amount of creep because they often fail to span the entire creeping zone. Much broader aperture geodetic networks (hundreds of meters to kilometers) tend to overestimate creep by inclusion of some elastic strain; however, they also can include some additional creep from a broader creeping zone.
After its initial documentation in 1956, creep was soon identified on the two other main faults of the San Andreas system in the San Francisco Bay region: in 1960 on the Hayward fault (Cluff and Steinbrugge, 1966) and in 1966 on the Calaveras fault (Rogers and Nason, 1971) . Creep was identified on various other faults in the system in the 1970s: the Concord fault (Sharp, 1973) , the Green Valley fault (Frizzell and Brown, 1976) , and the Maacama fault . Apparent evidence of minor creep on the "Antioch fault" (Burke and Helley, 1973 ) turned out to be attributable to nontectonic phenomena and further study, including trenching, does not support the existence of a Holocene-or late-Pleistocene-active fault in the city of Antioch (Wills, 1992) . Fault creep has also been documented on several faults in southern California (Louie et al., 1985) . Since its discovery in California, creep or the physically similar phenomenon of surface afterslip following earthquakes has been observed in other countries, including Turkey (Aytun, 1982) , Guatemala (Bucknam et al., 1978) , mainland China (Allen et al., 1991) , Mexico (Glowacka, 1996) , the Philippines (Duquesnoy et al., 1994; Prioul et al., 2000) , Italy (Azzaro et al., 2001) , and Taiwan (Lee et al., 2001) .
The underlying causes of fault creep and the physical behavior of creeping faults have been subjects of much conjecture and study. Viscoelastic behavior dominates in creeping fault zones, so that slip tends to occur aseismically, either gradually or as events, which may last hours to days (Wesson, 1988) . Creeping faults on which large (M Ͼ6) earthquakes occur often exhibit postseismic surface slip that emerges slowly as afterslip (Sharp et al., , 1989 Lienkaemper and Prescott, 1989 ), but in rare cases surface coseismic slip or associated postseismic slip is absent (Harms et al., 1987) . The presence in the fault zone of materials that have been shown to exhibit creep in the laboratory, such as serpentinite gouges, is considered to be one possible factor promoting a creep response (Ma et al., 1997) . Creep may also depend on various other factors such as fault-zone geometry and fluid overpressures Byerlee, 1991, 1992) .
One focus of this article is the documentation of the along-strike variation in long-term creep rates that may be used reliably by other workers to estimate the depth of creep and thus the extent of locked zones capable of producing large earthquakes (Bürgmann et al., 2000; Simpson et al., 2001; Wyss, 2001; Bakun, 2003) . Any particular determination of creep rate may depart from the true long-term rate of a site because of various factors, including eventfulness of creep versus gradualness, rainfall sensitivity of the site (Roeloffs, 2001 ), amplitude and direction of stress changes from moderate local and large regional earthquakes (Toda and Stein, 2002) , width of the creeping zone, and random movements of the survey monuments (Langbein and Johnson, 1997) .
We measured creep rates on San Francisco Bay region faults from September 1979 through February 2001. These data were further described and summarized in Galehouse (2001 Galehouse ( , 2002 . We made over 2600 creep measurements, about one-third in the 10 years prior to the 17 October 1989, M 7, Loma Prieta earthquake (LPEQ) and two-thirds in the 11 years following it. Because of evidence suggesting that significant regional stress changes occurred following the LPEQ (Reasenberg and Simpson, 1992) , we also include results of our monitoring before that event (Table 1) . These creep measurements are continuing in the geosciences department at San Francisco State University under the direction of Karen Grove and John Caskey and at the U.S. Geological Survey (USGS) under James Lienkaemper. A detailed analysis of our results obtained on the Hayward fault was presented in Lienkaemper et al. (2001) .
We have regular measurement sites at 29 localities on active faults, plus data from five sites that had to be abandoned (Fig. 1) . Three of these sites lie outside the San Francisco Bay region, one on the San Andreas fault in the Point Arena area and two on the Maacama fault in Willits and east of Ukiah. We typically have measured sites with a history of creep about every 2 months and sites with no evidence of creep about every 3 months. In addition to our 11 regular sites on the Hayward fault (numbered sites in Fig. 1 ), we established 20 other sites that we began measuring annually in 1994 (shown as dots in Fig. 1 without numbers) Galehouse, 2002) .
First we will describe the method of measurement used, then summarize our observations organized by the three dominant subsystems within the San Andreas system ( Fig. 1): (1) the San Andreas fault; (2) the Hayward fault subsystem, including the Rodgers Creek and Maacama faults; and (3) the Calaveras fault subsystem, including the Northern Calaveras (north of the branch point with the Hayward fault), the Concord, and the Green Valley faults. Results from sites that monitored the San Gregorio fault system, the West Napa fault, and the former Antioch fault are presented last. Finally, we discuss these observed long-term creep rates relative to estimates of creep rate by others in the region extending from the fast-creeping, central San Andreas to the northern limit of the fault system at the Mendocino triple junction (MTJ). We present some general implications of this analysis for earthquake hazard evaluation and suggest areas where creep monitoring could be extended to help solve important unresolved issues.
Methods
The amount of right-lateral slip parallel to a fault trace is determined from changes in angles between sets of measurements taken across a fault at different times. This Lengths of array at last measurement; some arrays had multiple configurations (Galehouse, 2002 Burford and Harsh (1980) ; Hayward fault, and Harsh and Burford (1982) . Prieta, 1984 Morgan Hill, and Coyote Lake earthquakes (Lisowski et al., 1990; Oppenheimer et al., 1990) . Inset, typical alinement array, discussed in methods section of text. NR, Nyland Ranch, creepmeter; P, Point Pinole.
method uses a theodolite to measure the angle formed by three fixed points to the nearest tenth of a second of arc (inset, Fig. 1 ). The theodolite is centered and leveled over a fixed point on one side of a fault, and a target is set up over another fixed (orientation) point on the same side of the fault as the theodolite. Another target is set up over a third fixed (end) point on the opposite side of the fault. These points are emplaced such that a line from the theodolite to the end point (the fault width spanned) is as perpendicular to the local trend of the fault as is logistically possible. If not perpendicular, the measured slip needs to be corrected (increased) by dividing it by the cosine of the angle difference from the perpendicular between the fault trend and the theodolite-end point trend.
For the first 14 years of measurements, the angle was measured 12 times each measurement day using three 120Њ rotations of the instrument. Since then, we have simplified by measuring the angle eight times each day with one 180Њ rotation. This simplification in method speeds data collection and does not significantly increase the measured errors. The amount of slip between measurement days can be calculated trigonometrically using the change in average angle. The precision of the measurement method is such that we can detect with confidence any movement more than 1-2 mm between successive measurement days for most sites where length is about 100 m. Measurement error increases proportionately to length, so sites having greater length have greater error. Although the type of survey marks used varies, most are either city monuments or nails in pavement. All measurement sites span a fault width of 57-267 m, except sites 8 and 20, which span a greater width because of site considerations (Table 1) . Changes in measurement lengths and all the data collected can be downloaded from Galehouse (2002) . Error estimates for each survey are included with these data. The average rates of movement (Table 1) are calculated using two different methods. The leastsquares average rate is determined using linear regression, and the simple average is determined by dividing the total right-lateral displacement by the total time measured.
Another estimate of error can be made assuming that the error includes a component of random walk or Brownian motion (Langbein and Johnson, 1997) . The simple Gaussian error in creep rate calculated from linear regression seems implausibly low for some sites (e.g., errors Ͻ 0.1 mm/yr in Table 1 ). For comparison, in Table 1 we also show a more conservative random walk assumption, 1-2 mm/yr 0.5 , as an estimate of error in the simple average (Langbein and Johnson, 1997) . One important factor in estimating long-term creep rates, especially at sites subject to large creep events or effects of earthquakes (e.g., afterslip or triggered slip), is the relative timing of the episodes of rapid creep. The observed creep rate suddenly increases in a way that often cannot be predicted by Gaussian error estimates, but whether or not random walk estimates are a correct physical model for the timing of creep events, they do seem to encompass this aspect of uncertainty somewhat better.
Results

San Andreas Fault
All five of our measurement sites (18, 14, 10, 22, and 23) along the locked portion of the fault both northwest and southeast of the 1989 LPEQ rupture zone have remained locked (Fig. 2) , showing less than 1 mm/yr of creep. At site 25, near the northwestern end of the central creeping portion of the fault just southeast of San Juan Bautista and the LPEQ rupture zone, a creepmeter showed 5 mm of right slip triggered by the LPEQ (Breckenridge and Simpson, 1997) . Immediately following the LPEQ from 1990 to 1994, our measurements at site 25 show that the rate exceeded the preLoma Prieta rate of 14 mm/yr from 1968 to 1977 measured on an array located 300 m to the northwest (Burford and Harsh, 1980) . Calculated values of static-stress changes due to the LPEQ are consistent in sign with this initially faster rate (Reasenberg and Simpson, 1992; Breckenridge and Simpson, 1997) . However, creep at this site averaged about 10.4 mm/yr overall from 1990 to 2001, about 3 mm/yr slower than the rate measured on an alinement array (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) and from an offset highway pavement ) (Burford and Harsh, 1980) . The cause of the currently slower rate is likely to be the highly eventful character of the site, dominated by large creep events separated by years of quiescence (Schulz, 1989) . In contrast, site 23 at Cannon Road, just north of San Juan Bautista, shows no detectable creep, but has been destroyed by a massive landslide after our last measurement on 14 February 1998. Thus, the change from a locked fault to the northwest and a creeping fault to the southeast occurs within the 4.7-km distance between site 23 and the Nyland Ranch creepmeter, where the creep rate has been ϳ8 mm/yr (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (Schulz, 1989) .
Hayward Fault
We measured horizontal slip at five sites (1, 2, 12, 13, and 17) along the Hayward fault for 20 years and at six more sites (24, 27, 28, 29, 30, and 34) since the LPEQ (Fig. 3) . We have also been making annual measurements at 20 additional sites since 1994. The details of this collaborative research on the Hayward fault between San Francisco State University and the USGS were described at length in Lienkaemper et al. (2001) and Simpson et al. (2001) and are only briefly summarized here.
The mean, right-lateral creep rate over the northernmost 62 km of the Hayward fault is 4.6 ‫ע‬ 0.5 mm/yr. Although creep characteristics (steady or episodic) differ from site to site, the overall rates are quite similar, ranging from about 3.5 to 5.5 mm/yr. Detailed analyses of our results indicate that the LPEQ caused an overall slowdown in the rate of right-lateral creep along the Hayward fault, particularly near the southeastern end in Fremont, where pre-LPEQ rates had been about 9 mm/yr. The stress changes induced by the LPEQ apparently caused the creep rate on the Hayward fault in southern Fremont to decrease for several years (Galehouse, 1997; . The southern end of the fault in Fremont near sites 24 and 27 showed ϳ9 mm/yr of right slip, about 4 mm/yr faster than the rest of the fault, for decades prior to the LPEQ (Harsh and Burford, 1982; Lienkaemper et al., 1991) and probably had about 2 cm of LPEQ-triggered right slip . For more than 6 years following the LPEQ, however, we measured very little net slip at either site (24, 27) along this portion of the fault. In fact, both sites showed a slight amount of left slip for about 4-5 years following the quake. In February 1996, however, we measured about 2 cm of right slip at both sites. This large amount of creep over a short period of time suggested a return to faster creep for this portion of the fault. However, this appears not to be the case. Site 24 has been creeping at only about 3 mm/yr since the February 1996 event, and site 27 has been creeping at about 4 mm/yr. Reasenberg and Simpson (1992) calculated static-stress changes due to the LPEQ, which are consistent with the post-LPEQ changes in creep rate observed on the Hayward fault Lienkaemper and Galehouse, 1998) .
Rodgers Creek Fault
We measured site 16 on the Rodgers Creek fault in Santa Rosa from August 1980 until we had to abandon it for logistical reasons in January 1986. During these 5 years of measurements, no significant surface slip occurred (Fig. 4) , and we concluded that the Rodgers Creek fault was not creeping at this site. In September 1986, we established site 21 on a suspected trace of the Rodgers Creek fault that is now not considered to be the active trace (Hart, 1992) . Although the average rate of dextral movement at site 21 was ϳ1 mm/yr for the 14 years of measurements, we now assume this movement was attributable to a surveying mark that had become unstable and was replaced in 1993 or to nontectonic mass movements. For future monitoring of the Rodgers Creek fault, the ongoing project has recently installed two new arrays that definitely do cross the active trace of the fault, one in Santa Rosa and another on Sonoma Mountain. Thus far no good evidence has been found to suggest that creep occurs on the Rodgers Creek fault, but south of Santa Rosa (site 16) this still remains an open question.
Maacama Fault
The Maacama fault extends 180 km from northern Sonoma County to north of Laytonville in Mendocino County and is considered to be the northwesterly continuation of the Hayward-Rodgers Creek fault trend (Galehouse et al., 1992) . At site 26 in Willits, the Maacama fault has been creeping right laterally at 6.5 mm/yr for the 9 years of measurements (Fig. 4) . Just east of Ukiah at site 31, the fault has shown 4.4 mm/yr of right slip for the 8 years of measurements.
Calaveras Fault
Slip at two sites (4 and 6) on the southern Calaveras fault in the Hollister area has been episodic (Fig. 5) , with intervals of relatively rapid right slip typically lasting 2 months or less, alternating with longer periods when little slip occurs. Creep rates before the LPEQ were 6.4 and 12.2 mm/yr, respectively. The earthquake apparently triggered up given in kilometers southeast of Point Pinole (P, Fig. 1 ). Additional data are available in Lienkaemper et al. (2001) .
to 14 mm of right slip at site 4 and up to 12 mm of right slip at site 6. After the rapid slip triggered by the LPEQ, both sites in the Hollister area returned to a slower mode of movement that persisted for several years. The static-stress changes following the LPEQ calculated by Reasenberg and Simpson (1992) are consistent with our observations of a creep slowdown on the southern Calaveras fault. The slowdown was not as pronounced at site 4, and now the pre-and post-LPEQ rates are the same (Table 1) . At site 6, the fault had no net slip for nearly 4 years following the LPEQ but resumed creeping in mid-1993 at a rate a couple of millimeters per year slower than before the earthquake. A more detailed discussion of the right slip triggered by the Loma Prieta earthquake on the Calaveras fault in the Hollister area and the effect of the Morgan Hill earthquake (MHEQ) in 1984 was given in Galehouse (1990) . No immediate surface displacement had occurred at either of the Hollister area sites when they were measured the day after the MHEQ. However, within the following 2.5 months, both sites showed over a centimeter of right slip that was followed by a relatively long interval of slower slip (Fig. 5) . Site 33 on the central Calaveras fault is an old USGS alinement array site (Coyote Ranch) measured between 1968 and 1988 that showed creep at an average of about 17 mm/yr. Our new data (about 14 mm/yr for [1997] [1998] [1999] [2000] [2001] added to that of the USGS still give an average rate of about 17 mm/yr for 32.7 years, the fastest creep rate in the greater San Francisco Bay region. However, it is important to note that the rate has gone through large fluctuations over these past 3 decades (Figs. 5, 6 ), during which three moderate to large earthquakes occurred in this area. The dominant effects of these earthquakes at site 33 are large accelerations in slip imposed by the 1979 Coyote Lake earthquake (CLEQ) and the 1984 MHEQ ruptures, even though the coseismic rupture of the latter occurred no closer than 8 km to the northwest (Fig. 1) . Unfortunately, following the CLEQ, only a few observations were made at site 33. Fortunately, on a nearby short-range (ϳ1.5-km-aperture) trilateration array, Ruby Canyon, located 2.8 km to the southeast of site 33, M. Lisowski and N. King (unpublished manuscript, 1982) observed coseismic slip (5 ‫ע‬ 5 mm) and 3 years of postseismic slip (142 ‫ע‬ 5 mm). Figure 6 shows how these geodetic results help constrain the CLEQ afterslip at site 33. Total afterslip cannot have been quite as large at site 33, but the similarity of the Ruby Canyon slip by November 1982 to the reading of site 33 immediately following the MHEQ suggests that the CLEQ afterslip was complete before the MHEQ. We show a multiple linear regression model in Figure 6 that assumes a uniform creep rate before the CLEQ acceleration and many years after the MHEQ acceleration, yielding a CLEQ step of 79.5 ‫ע‬ 9.7 mm, an MHEQ step of 110.1 ‫ע‬ 10.6 mm, and a 10.7 ‫ע‬ 0.6 mm/yr uniform creep rate. Introducing an LPEQ step into the model yields a similar result; thus the effect of this event has been ignored here to simplify the following discussion. For some purposes this uniform creep rate of 10.7 ‫ע‬ 0.6 mm/yr may be the best representation of long-term aseismic slip. However, it has been suggested by Oppenheimer et al. (1990) that moderate to large earthquakes such as the CLEQ and the MHEQ may be characteristic earthquakes for this part of the fault, because a similarsized event (perhaps somewhat larger, M 6.5) occurred near here in 1911. What slip rate best represents the long-term average slip at this site for the purpose of forecasting larger earthquakes (e.g., M Ն6.7)? For this purpose, one may reasonably account for the slip in pulses of accelerated aseismic slip following characteristic MHEQ-and CLEQ-type events by prorating them over the return period of ϳ73 years for the MHEQ or ϳ68-82 years (1979-1911 or -1899 or -1897, a nonunique choice for prior event on the CLEQ segment). The rate associated with the MHEQ step at site 33 would be 1.5 mm/yr (i.e., 110 mm/73 yr) and for the CLEQ step, 1.0-1.2 mm/yr, and the net long-term rate would be 13.4 ‫ע‬ 0.6 mm/yr (or 13.2 ‫ע‬ 0.6 mm/yr if either 1897 or 1899 is used for the CLEQ prior), which is similar to the rate we have been measuring since 1997 (14 mm/yr).
Northern Calaveras Fault
In contrast to the sites in the Hollister area, site 19 in San Ramon near the northwesterly terminus of the Calaveras fault was not affected by either the MHEQ or the LPEQ (Fig. 5) . It remained virtually locked throughout the first 12 years of our measurements, including 3 years following the LPEQ. However, since late 1992 at this site the fault has shown net right slip of more than 3 cm, that is, a rate of 3.6 mm/yr (Fig. 5) . This suggests that the Northern Calaveras fault at this site became "unlocked" at the surface in late 1992, a change that could have implications regarding its future seismicity. In January 1997, we installed another array on the Northern Calaveras fault at Welch Creek Road (site 32). Although data from site 32 show large variations between measurement days, they also show a rate of 3.6 mm/yr, identical with that of site 19. Together, these two sites suggest that the Northern Calaveras fault is now creeping at about 3-4 mm/yr.
Concord-Green Valley Fault
Typical creep characteristics at sites 3 and 5 on the Concord fault in the city of Concord are intervals of relatively rapid right slip of about 7-10 mm over periods of a few months alternating with intervals of relatively slower right slip of about 1-2 mm/yr over periods of 3-5 years (Fig. 5) . The latest interval of rapid right slip occurred near the end of 1996. For the 21 years of measurements, the overall average creep rate along the Concord fault in the city of Concord is about 2.5-3.5 mm/yr. It appears that the LPEQ had no effect on the creep rate of the Concord fault.
Large variations between measurement days tend to occur at site 20 on the Green Valley fault near Cordelia, possibly because of the seasonal effects of rainfall or because logistical considerations resulted in our survey line being particularly long (355 m). A series of logistical problems prevented us from obtaining reliable data from this site after 28 February 1999. Data after 28 February 1999 listed in Galehouse (2002) are suspect because they came from survey lines that were destroyed before the stability of the lines could be established. Episodes of relatively rapid slip and relatively slower slip tend to occur at different times on the Green Valley and Concord fault segments, and the rate of slip is about 1-2 mm/yr higher on the Green Valley fault (4.4 mm/yr). The episodic nature of the slip and the duration of the faster and slower intervals, however, are similar. Based on these similarities and the small right step-over between their respective fault trends, the Concord and Green Valley faults appear to be different names for the southeastern and northwestern segments of the same fault zone.
San Gregorio Fault
Virtually no creep (Ͻ1 mm/yr) has occurred at site 7 on the Seal Cove fault segment in Princeton over 21.0 years of measurements or at site 8 on the San Gregorio fault segment near Pescadero over 18.5 years (Fig. 7) . Both sites, however, show large variations from one measurement day to another, probably due in part to the unusually long arrays (267 and 455 m) being measured to encompass a wide fault zone. The LPEQ does not appear to have had any noticeable effect on these two sites. They were not creeping before the LPEQ, and they still are not creeping.
West Napa Fault
No net slip occurred on the West Napa fault after 18.5 years of measurements, although there was a lot of surface "noise" at site 15 (Fig. 7) . The LPEQ does not appear to have had any effect on the noncreeping West Napa fault. We had to abandon this site for logistical reasons in January 1999.
Antioch Fault
The average rate of movement had been virtually zero for 19.8 years (Fig. 7) at site 11 when it was destroyed following the 27 February 2000 measurement. The rate was about 1 mm/yr at site 9 when it had to be abandoned in July 1990. Our finding of no significant movement on the Antioch fault of Burke and Helley (1973) supports the conclusion of Wills (1992) that there is no evidence of creep on this formerly supposed active-creeping fault.
Discussion
Long-Term Creep Rates, San Andreas Fault System
Introduction. A thorough discussion of the long-term creep rates of faults in the San Francisco Bay region requires a review of earlier work, especially on the central San Andreas and the central and southern Calaveras faults, where creep is the dominant mode of surface slip and most of the earliest creep observations were made. For simplicity of analysis and discussion, we show key creep localities ( Fig. 8 ; data shown in Table 2 ) on a grid approximately parallel to the Pacific plate-Sierran microplate boundary of Argus and Gordon (2001) with its origin at the MTJ. We plot creep rate versus distance along the plate boundary from the MTJ for the three principal fault subsystems that exhibit creep (Fig. 9) . For purposes of this discussion we do not correct for local divergence in strike, that is, we ignore the minor component of creep normal to the plate boundary. First we Burford and Harsh (1980) . Geodetic arrays or fault-crossing lines (squares): A, Sleepy-San Pablo (Lienkaemper et al., 1991) ; B, Covelo-Poonkinney (Lisowski and Prescott, 1989) ; C, Slide-View (Freymueller et al., 1999) ; D, Camp Parks (Prescott and Lisowski, 1983 ); E, Veras ; F, Calaveras Reservoir ; G, Grant Ranch (Oppenheimer et al., 1990) ; H, San Felipe (Lisowski and Prescott, 1981 [LP81] ); I, Tres Pinos (LP81); J, Thomas Road (Harsh and Pavoni, 1978) ; K, Pionne (LP81); L, Chase Ranch (Prescott and Burford, 1976) .
summarize estimates of long-term creep rates for the three major fault subsystems that we believe are most representative of the long-term fault behavior and thus most appropriate for developing models of strain accumulation. Next we compare the creep rates for various fault segments to their long-term geologic slip rates (Fig. 10 ) in order to consider qualitatively whether they should be characterized as dominantly creeping, dominantly locked, or some intermediate status. Lastly we identify what we think are the most important data gaps in our present knowledge and suggest how to fill them. 1970 1975 ‫2646.121מ‬ 36.9763 Prescott and Burford, 1976 Site locations in Figure 8 . *MTJ: Mendocino triple junction, at downdip location where Hayward fault subsystem intersects downgoing slab. † Type of data: A, alinement array; G, geodetic model; C, creepmeter; N, short-range geodetic net; T, trilateration on low-angle, fault-crossing line. ‡ Source gives no estimate of error for creep rate. § The long-term creep rate differs from the average rate in Table 1 , because it accounts for effects of the CLEQ and MHEQ (see text).
Central San Andreas and Southern Calaveras
yr in Bitterwater Valley (Figs. 9, 10 ) (Burford and Harsh, 1980) . Although north of San Benito the rate drops to about 23 mm/yr, less than 3 km to the northeast the Paicines-San Benito portion of the Calaveras fault subsystem creeps at 10 ‫ע‬ 3 mm/yr (K, Figs. 8, 9) . Thus, the net creep rate across the plate boundary remains at about 33 mm/yr. To the north, between Paicines and Hollister, creep on the San Andreas drops to 14 mm/yr, and on the Paicines (Calaveras) fault observed creep is only 5-6 mm/yr (see Fig. 8 for sources; Figs. 9, 10 for data). However, other active traces have been mapped outside of the aperture of each of these arrays on the Calaveras-Paicines fault, so these low rates may not represent the whole creeping fault zone. At the south end of the 1906 surface rupture in nearby San Juan Bautista, the rate is about 14 mm/yr (Burford and Harsh, 1980) . However, the San Andreas fault creep rate drops off steeply to zero less than 7.5 km from San Juan Bautista (site 25) to the northwest at site 23.
Central Calaveras and Northern Calaveras Faults.
Immediately north of Hollister, the measured Calaveras fault creep rate in recent decades ranges from about 12 to 14 mm/ this study Burford & Harsh (1980) . Long-term creep rate shown versus distance from the MTJ as described in Figure 8 . Solid numbered triangles are arrays in this study; inverted solid triangles are arrays of Burford and Harsh (1980) ; open triangle A, span of Sleepy-San Pablo line; circles B through K, geodetic data referenced in caption of Figure 8 . For the Hayward fault the mean ‫2ע‬r lines show uncertainty range of best-fit polynomials that express the along-strike variation in long-term creep rate derived from the much larger data set for this fault . Data for sites 24 and 27 reflect pre-LPEQ rates of and Harsh and Burford (1982) . Dashed lines are interpolated between available data; queries indicate areas where major gaps in the data exist. For the Paicines-San Benito section of the Calaveras subsystem, two dashed lines illustrate possible alternative interpretations of existing data.
yr, which is consistent with a 15 mm/yr rate measured on an offset power line in the Hollister Valley (between H and site 6, Fig. 8 ) (Rogers and Nason, 1971 (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) . However, several lines of evidence suggest a creep rate of about 3-4 mm/yr on the (Burford and Sharp, 1982) . However, near the northern end of the Northern Calaveras at San Ramon (site 19), creep at 3.6 mm/yr did not begin until the early 1990s following 12 years of measurements showing no creep.
Hayward Fault Subsystem. Just northward of the Calaveras Reservoir the Hayward fault shows a pre-LPEQ creep rate of about 9 mm/yr in southern Fremont (Burford and Sharp, 1982; Lienkaemper et al., 1991) and averages 4.6 mm/yr northward to San Pablo Bay . We can see (Fig. 9) (Frizzell and Brown, 1976) . Models of recent (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) Global Positioning System data suggest that the northern Green Valley fault, 15-20 km north of site 20, may not be creeping (Prescott et al., 2001) . If this northern part of the Green Valley fault is indeed locked, the Calaveras subsystem may be analogous to the Hayward subsystem with a locked Rodgers Creek fault and with creep resuming to the north on the Maacama fault. Although few data on creep exist for much of the northernmost Calaveras subsystem, near Lake Pillsbury and near Covelo, creep rates of about 8 mm/yr are indicated by other geodetic data (Lisowski and Prescott, 1989; Freymueller et al., 1999) .
Effect of Creep on Seismic Hazards
Introduction, Central San Andreas and Paicines Faults. Inferences of seismic hazards on creeping faults involve other factors in addition to variations of creep rates along fault segments. Especially important are knowledge of the long-term or geologic slip rate for each segment and the rate at which strain accumulation occurs on totally locked patches. For example, where the maximum creep rate occurs on the central San Andreas (about 33 mm/yr), the hazard is considered relatively low because this rate is virtually the same as the comparable geologic rate (33.9 ‫ע‬ 2.9 mm/yr) (Sieh and Jahns, 1984) at Wallace Creek in the Carrizo Plain.
Still an M ϳ 6.2 earthquake did occur near this section of the fault in 1885 (Toppozada et al., 1981; Ellsworth, 1990) , suggesting that some locked patches may still form here. In the 30-km reach of fault between Melendy Ranch and San Juan Bautista, the difference in net creep rate on the Paicines (Calaveras) and San Andreas faults combined suggests a deficit of about 9 mm/yr, that is, only 24 mm/yr of the 33 mm/ yr expected total. Many M 5.5-6 historical earthquakes have indeed occurred in this area, but it remains uncertain if larger events might occur here, on either or both the San Andreas or Paicines (Calaveras) fault traces, which are only about 3 km apart.
Locked Fault Segments. Northward of Hollister and San Juan Bautista, the 2002 Working Group on California Earthquake Probabilities has developed, for each fault segment in the San Francisco Bay region, estimates of the fraction of its downdip rupture area (WGCEP, 2003) which can be considered locked for purposes of hazard modeling (Fig. 11 ) (Bakun, 2003) . A subgroup within the working group considered various creep and seismicity data as well as regional geodetic models (Prescott et al., 2003) . The seismogenic scaling factor, R, is the fraction of the fault surface that is locked (Bakun, 2003) . The downdip width of modeled rupture is multiplied by R to scale the rate at which seismic moment accumulates on a creeping fault segment. The central value estimates of locking in Figure 11 show that locking is dominant (R Ն 0.9) along all of the San Andreas fault in the region, except for the minor amount of creep north of San Juan Bautista. Figure 11 also shows that the working group considered the Rodgers Creek, the San Gregorio, and the Greenville faults to be mostly locked (WGCEP, 2003) . Except for the unmonitored Greenville fault (which showed minor afterslip in the 1980 earthquake sequence) (Bonilla et al., 1980) , our monitoring evidence also indicates that these are locked segments. Because creep monitoring is not done everywhere, especially offshore, the working group gave some small weight to the possibility that some aseismic strain release may be occurring on these faults.
Seismic Potential of Partially Locked Fault Segments.
In 1868 the Hayward fault had a large earthquake (M 6.8) along its southern segment ( Fig. 10) (Lawson, 1908) . Although the geologic slip rate (Lienkaemper and Borchardt, 1996) is well determined for the southern segment and the along-strike variation in surficial creep is known in detail , models of the fraction locked are still highly uncertain (R ‫ס‬ 0.6 ‫ע‬ 0.2). The central Calaveras segment appears to have approximately the same rate of maximum creep (14 ‫ע‬ 2 mm/yr) as its geologic slip rate (14 ‫ע‬ 5 mm/yr) in the late Holocene (Kelson et al., 1999) at a site located 6.2 km southeast of R, fraction locked WGCEP (2003) Figure 11 . R, the fraction of each fault segment assumed to be locked in the WGCEP (2002) model, is assigned three weighted values: a central value (most likely, shown as triangles) and upper and lower bounds (arrows). R ‫ס‬ 1, totally locked segment; R ‫ס‬ 0, totally creeping. Segment name codes as in Figure 10 . Most segments are assigned a weight of 0.6 for the central value and 0.2 for the bounds, approximating a Gaussian distribution. For highly uncertain cases, indicated by an asterisk (e.g., CON, GVS, GVN), a weight of one-third was assigned to each central value and bounds. In one case, indicated by two asterisks, evidence suggests using weights skewed toward totally creeping behavior. site 33. Nevertheless, the M 6.2 MHEQ occurred along part of this segment in 1984, and one interpretation of trenching evidence by Kelson et al. (1999) permits M 7 earthquakes. The WGCEP (2003) model adopts dominantly creeping southern (CS) and central (CC) Calaveras segments (R ‫ס‬ 0.2-0.3, central values), but by assuming a broad range of possible R values allows that infrequently, enough strain can accumulate for an M 7 earthquake to occur on the central Calaveras.
The Northern Calaveras creeps at about 3-4 mm/yr and has a long-term slip rate of 6 mm/yr, a proportion much like that for the Hayward fault. However, WGCEP (2003) assumed the Northern Calaveras is more locked than the Hayward fault (R ‫ס‬ 0.7-0.9 versus R ‫ס‬ 0.4-0.8). An improved estimate of locking depth using all available creep data on the Northern Calaveras would probably diminish this distinction.
The Concord-Green Valley fault is assigned a broad range of possible locking (R ‫ס‬ 0.2-0.8) with equal weighting to the three branches (central value and limits), because its assumed long-term slip rate (5 ‫ע‬ 3 mm/yr) is so uncertain. No reliable geologic slip rate is available; thus, the available creep-rate data (about 2.5-4.5 mm/yr) influence the choice of long-term slip rate. Trenching evidence supports the occurrence of large, surface-rupturing earthquakes in the last few hundred years (Baldwin and Lienkaemper, 1999) . Geodetic models suggest a higher Green Valley slip rate at depth (8 ‫ע‬ 2 mm/yr) (Prescott et al., 2001) , which would increase its seismic potential.
North of the Bay Area. The Maacama fault lies outside the WGCEP (2003) study area, so its locking fraction was not estimated. Bogar (2000) documented evidence of a large recent earthquake near Ukiah, but the geologic slip rate is unknown and has been assumed to be similar to that of the Rodgers Creek and Hayward fault rate (9 ‫ע‬ 2 mm/yr; WGNCEP, 1996) . The known creep rates of 6.5 mm/yr at Willits and 4.4 mm/yr near Ukiah suggest an intermediate level of locking similar to the Hayward fault. However, the Maacama is a 180-km-long fault zone, and its along-strike variability is not well enough sampled by our two measurement sites to characterize the entire zone.
The northernmost part of the Calaveras subsystem has not been monitored explicitly for creep, but a trilateration line crossing the Round Valley fault at a low-angle (B, Figs. 8, 9) conclusively indicated a high creep rate (8 ‫ע‬ 2 mm/yr), but with high uncertainty in the rate, because measurements were over only a 5-year period (Lisowski and Prescott, 1989) . The Lake Pillsbury data of Freymueller et al. (1999) best fit a model with the Bartlett Springs fault creeping at all depths at the same rate as the Round Valley fault, 8 ‫ע‬ 2 mm/yr, that is, having no locking. Although long-term creep data are needed for confirmation, these preliminary geodetic observations suggest that at least parts of the Calaveras subsystem north of Lake Berryessa are predominantly creeping.
Conclusions
Previous panels that convened to forecast the probability of future large earthquakes in California neglected the effect of creep on reducing the seismic moment available for these events. The Working Group on California Earthquake Probabilities (WGCEP 1999 (WGCEP , 2003 judged creep was "too important to ignore" (Bakun, 2003) . Improved modeling of creep rate as a function of depth has begun to make good use of accurate, long-term surface creep rates like those presented here, along with regional geodetic data, to map the extent of locked patches in a fault zone. Demonstrating the lack of creep on fully locked faults is also important for seismic hazard analysis. The creep rate can abruptly change when a nearby, large earthquake changes the regional stress level. Such stress-induced changes must be accounted for in estimating long-term creep rates. Some faults, such as the Hayward, already have spatially detailed creep-rate data available adequate for modeling, whereas other important fault segments, such as the northern Green Valley, central Calaveras, Greenville, and southern Maacama, still have large critical data gaps. Work continues to fill these and other gaps, with emphasis on those faults closest to urban areas.
